The fine structure of the mouse tracheal epithelium from the fetal period to the stage of old age was examined with electron and light microscopes.
Summary.
The fine structure of the mouse tracheal epithelium from the fetal period to the stage of old age was examined with electron and light microscopes.
The tracheal epithelium of the adult mouse is ciliated and single columnar in shape, consisting of three kinds of cells: ciliated, non-ciliated and basal.
Neither goblet nor brush cells were found. The earliest signs of the cytodifferentiation of ciliated and non-ciliated cells appear at 15 and 17 days of gestation respectively. The secretory granules in non-ciliated cells appear at 17 days of gestation, and increase in number from 18 days of gestation (one day before birth) to 1 day after birth and decrease in number rapidly, while elements of smooth endoplasmic reticulum appear in this cell. Non-ciliated cells constitute the major component of the tracheal epithelium in the adult mouse. They have two kinds of granules: one a secretory granule surrounded by a single limiting membrane and released by exocytosis, and the other surrounded by double limiting membranes and considered to be derived from mitochondria. With the advance of age, some parts of the epithelium invaginate into the lamina propria without any noticeable changes in either the epithelial cells or the basal lamina. These invaginations, which the present authors named "cyst-like structures," are found in all mice over four months of age examined, and increase in number and size with age. They seem to be physiological structures and are distributed in all parts of the tracheal epithelium from the first tracheal ring to the tracheal bifurcation.
They contain concentric circular materials with entangled filaments (15-20 nm in diameter) and/or destructed cell debris mainly derived from granular leucocytes.
As early as 1956, RHODIN and DALHAMN classified epithelial cells of the rat trachea into four cell types: the ciliated, the goblet, the brush and the basal. This classification has been principally accepted for the rat (JEFFERY and REID,1975; MARIN et al., 1979) and for some other mammals.
However, the tracheal epithelium of the mouse is quite different from that of these animals, being characterized by the occurrence of numerous non-ciliated cells and by the absence of goblet cells. The function and fine structural development of the non-ciliated cells are still obscure. The present paper deals with certain fine structural aspects of the differentiation, development, and the changes brought about through aging in the mouse tracheal epithelium from 14 days of gestation to advanced age. The cytodifferentiation of the ciliated cell and non-ciliated cell, and the aging of both cells are described through their fine structural aspects.
Indicative of the aging process in the mouse tracheal epithelium, the authors found Male and female CF-1 mice at 14, 15, and 18 days of gestation, at birth, 1 and 7 days after birth and 2, 4, 6, 11, 13, 16, 22 , and 23 months of age were used in this study.
They were perfused via the left ventricle with 3% glutaraldehyde solution buffered at pH 7.4 with 0.1 M Millonig's phosphate or Karnovsky's fixative buffered at pH 7.4 with 0.1 M cacodylate buffer. The tracheas, after removal, were cut and separated into tracheal rings under a dissecting microscope.
These tracheal rings were fixed for 2-4 hrs at 4° C in the same fixative.
Some of the tissues of each animal were then postfixed in 1 % 0504 solution buffered at pH 7.4 with 0.1 M Millonig's phosphate for 1-2 hrs at 4°C. After dehydration with graded concentrations of ethanol, they were embedded in Epon epoxy resin. Ultrathin sections cut on a Porter-Blum MT-1 or MT-2B ultramicrotome and stained with uranyl acetate and lead acetate were observed with a Hitachi H-11D or H-500 type electron microscope.
Semithin sections of the specimens mentioned above were cut, stained with toluidine blue, and observed with the light microscope.
The other samples were embedded in JB-4, and semithin sections were cut, stained with hematoxylin-eosin or toluidine blue, and observed with the light microscope. Some tissues of the tracheas of the 13-and 16-month-old mice were rinsed with 0.1 M cacodylate buffer (pH 7.4) containing 5 °o sucrose after the fixation, and were used for the cytochemical demonstration of acid phosphatase activity by Gomori's method (G0M0RI, 1950 No typical goblet cells were found. The ciliated cell, as its name suggests, has many cilia on its luminal surface, and its cytoplasm is clearer in electron density than that of other cells; the non-ciliated cell is electron dense and extends strongly the hemispherical process into the lumen. The nuclei of both kinds of cells usually exist basally.
The basal cell is small in size and does not face the lumen.
These three types of cells are mingled with one another. i) rER-rich secretory cells: This kind of cell can be seen in young mice under a week of age. It is columnar in shape, about 20pm in height and about 5pm in width. The luminal surface is usually flat and the microvilli are poorer than those of the sERrich cell. The sER is difficult to discern in this type of cell, while small elements of rER with some dilated cisternae are distributed.
The Golgi apparatus, small in size, is usually localized at the supranuclear region. The granules of this type of cell are of only one kind. They are electron lucent, round or oval in shape and 0.6-1.0 pm in diameter.
Most of the mitochondria are elongated in shape and the cristae are lamellar.
ii) sER-rich cells: These cells are columnar in shape and about 20 pm in height and 6-8 pm in width. They cause the hemispherical cytoplasmic process with microvilli to protrude into the lumen. Measuring about 0.5 pm in length, they are shorter, thicker, and fewer than those of the ciliated cell. The rER as well as the sER are well developed in the cytoplasm.
Both elements of ER are flat in shape and have narrow cisternae.
They are so condensely packed in the cytoplasm that there is little cytoplasmic matrix in this field. The elements of rER, situated in the supranuclear region and parallel to the long axis of the cell are continuous with those of the sER located in the apical cytoplasm.
The apical cytoplasm is filled with sER. A few mitochondria, granules, free ribosomes and glycogen particles are intermingled.
Small Golgi fields are usually located at the supranuclear region. There are two kinds of granules in this type cell: electron lucent and electron dense granules.
The former are round or oval in shape and 0.5-1.2 pm in diameter and have a few moderately dense cores. Sometimes exocytotic features of these granules can be seen. The latter type of granules is highly electron dense, oval or round in shape, varying in size (300-2,500 nm in diameter) and surrounded by double limiting membranes like those of the mitochondria. This type of granule is usually homogenous in its contents and sometimes possesses tubular cristae-like structures.
No features for the release of this type of granule can be seen. The mitochondria scattered in the cytoplasm are mostly round in shape, but a few are elongated.
Some mitochondria are similar to granules of the second type in the density of the matrices and in the shape of the small tubular cristae. The nucleus is usually situated basally. This kind of cell is difficult to be found in mice younger than 1 day after birth.
c. Basal cells
The basal cell, located at the basal part of the epithelium, is triangular or round in shape, having scanty cytoplasm, and does not face the luminal surface. Numerous free polysomes are scattered throughout the cytoplasm, while the rER is poorly developed.
The electron density of the cytoplasm of this type of cell is higher than that of the ciliated cell and lower than that of the secretory cell.
Cytodifferentiation of the cells
As late as 14 days of gestation, the epithelium consists of only two kinds of cells, the highly columnar cell and the basally located cell. The earliest signs of the differentiation of ciliated cells and non-ciliated secretory cells are found at 15 and 17 days of gestation respectively.
a. Undifferentiated cell At 14 days of gestation, neither ciliated nor secretory cells are found, two kinds of cells being distinguished.
One is the cell facing the tracheal lumen and the other is the cell which does not reach the lumen. The former is columnar in shape, about 20 pm in height and about 4 tcm in width.
The latter, a basal cell, is ovoid or triangular in shape. These two kinds of cells show similar ultrastructures.
They are presumed to be undifferentiated cells. Undifferentiated cells often have a solitary cilium quite different in structure and size from the cilia of mature ciliated cells. This structure, about 0.5 pm in length and of 9+0 structure, usually protrudes from the apical surface of the cell, and is sometimes embedded in the cytoplasm.
Numerous free polysomes are distributed throughout the cytoplasm.
The elements of rER are poorly developed and very small and flat in shape. The Golgi apparatus, small in size, is situated in the supranuclear region. Round or elongated mitochondria with a few granules and lamellar cristae are scattered throughout the cytoplasm.
The nucleus, oval in shape, and with one or two nucleoli, is situated in the middle or slightly basal part of the cell. There are a small number of glycogen particles and lipid droplets in the cytoplasm.
At 15 days of gestation, a large number of glycogen particles and a few lipid droplets are seen in almost all the tracheal epithelial cells (Fig. la, b) . One of the largest aggregates of glycogen particles is approximately 9 x 2 pm in size. Lipid droplets and elements of ER also exist within or near these aggregates of glycogen.
A fairly large number of mitotic figures can be seen.
At 16 days of gestation, the elements of rER increase in number and some of them are dilated cisternae.
The amount of glycogen particles generally decreases compared with that at 15 days of gestation, though a few cells retain quite a few of the glycogen particles.
A fairly large number of mitotic figures can be seen. At 17 days of gestation, undifferentiated epithelial cells decrease in number, while the immature ciliated cells increase and secretory cells appear.
At 18 days of gestation, the undifferentiated cells are rarely seen, while the secretory cells increase in number.
b. Ciliated cells At 15 days of gestation, the first sign of cytodifferentiation from an undifferentiated cell to a ciliated one appears.
Proliferating figures of deuterosomes and/or electron dense granules (fibrous granules) without limiting membrane become increasingly less visible in the cytoplasm.
Both deuterosomes and fibrous granules are situated in the apical and supranuclear regions of the cell, but neither basal bodies nor cilia are recognized. Numerous polysomes, a few elements of rER and mitochondria are scattered At 16 days of gestation, the cells in ciliogenesis increase in number with heavily ciliated cells appearing.
The fibrous granules and deuterosomes, which are usually located in the supranuclear region with vague boundaries are markedly increased in number (Fig. 2) . There are two kinds of deuterosomes: hollow and solid. The former is 250 nm in external diameter, and the latter 150 nm in diameter.
From both structures, several procentrioles extend radially.
In the young ciliated cells, the basal bodies are located beneath the cell surface in a line, and from them short cilia grow. A number of microvilli also protrude from the cell surface.
A small number of oval or elongated mitochondria exist just beneath the basal bodies. There is a small Golgi A part of the immature ciliated cell of the tracheal epithelium of a mouse embryo, 16 days of gestation.
The aggregates of fibrous granules (F), and a few deuterosomes (D) with several procentrioles (P) are located in the supranuclear region.
x 20,000 An apical portion of the developing cililated cell of the trachea of a mouse embryo, 17 days of gestation. Basal bodies and short cilia are located beneath the luminal surface in a line. Short microvilli are also found.
x 17,000 apparatus in the supranuclear region.
A few elements of rER and numerous pol_y-somes are distributed throughout the cytoplasm.
At 17 days of gestation, cells showing all the stages of ciliogenetic figures increase in number.
The cilia of each ciliated cell are less numerous and shorter than those of the adult animal, being about 21,em in length (Fig. 3) One day after birth, the ciliated cell shows almost the same structure as that of the adult animal, though the cilia are slightly shorter in length.
There are a few small electron lucent vesicles in the apical and supranuclear regions, but the elements of sER are difficult to recognize.
Seven days after birth, the elements of sER appear sparsely distributed in the apical and supranuclear region.
A few elements of rER are also seen. Though these cells are quite similar to those of the adult mice in fine structure, some cells with many centrioles in the cytoplasm are in ciliogenesis.
At 2 and 4 months, no ciliogenetic figures can be seen. All the ciliated cells show A part of the rER-rich secretorv cell in the trachea of a mouse embr,~,, 17 days of tat i''11. Numerous secretorv granules (SG), and elements of rER with dilated cisternae are seen. x 31,000 In addition a fairly large number of secretory granules, round or oval in shape, and 0.6-1.0;,.m in diameter, appear in the apical cytoplasm (Fig. 4) . Each granule consists of electron lucent flocculous materials and lowdense cores which are round in shape, about 0.3 nom in diameter, and situated at the Parts of sER-rich cells (X) and a ciliated cell (C) in a 4-month-old mouse. Numerous elements of sER fill the apical portion of the sER-rich cell.
The electron density of the ciliated cell is more lucent than that of the non-ciliated cell. x 9,100 (Fig. 6 ). All the elements of rER are flattened in shape, running parallel with one another and localized in the basal or supranuclear region making a small rER field. As are those in the younger animal, some intracellular granules are surrounded by a single limiting membrane, and the others by double ones. The mitochondria show variable structures. Some are elongated in shape and with usual lamellar cristae, and others are round or oval with a few short cristae. At 22-23 months of age, all the nonciliated cells are of the sER-rich type. The cell structure is principally the same as that of younger animals.
The cytoplasmic granules surrounded by double limiting membranes increase in number and show large variations in size, from a mitochondrial size to a nuclear one (Fig. 7) . The rest of the cristae-like structures are sometimes recognized in the periphery of this type of granule (Fig. 8) . It is difficult to find the figures of the release of this granule and its formation in the Golgi field. Other kinds of granules surrounded by a single limiting membrane are also seen, though not so many. These are made in the Golgi field. 
The formation of cyst-like structures in aged mice
The tracheal epithelium of the young mouse is simple columnar in shape and ciliated, and the lamina propria is attenuated. Tracheal glands are extremely rare. As the mouse becomes older, some parts of the epithelium invaginate into the lamina propria to make giant cyst-like structures.
As early as 4 months, the figures indicating the epithelial invagination into the lamina propria accompanying the basal lamina can be rarely seen. The invagination is round or oval in shape and about 30 pm in outer diameter.
An indistinct or shallow pit is found in the luminal surface of the epithelium over the invagination.
At 6 months, the invaginations in some parts of the epithelium are well developed, the largest one measuring about 50 pm in diameter, having a hollow space open to the tracheal lumen. The authors propose to name it a "cyst-like structure."
At 11, 13 and 16 months, these cyst-like structures increase in number and size (Fig. 9) , and the formation of some new cyst-like structures is usually seen. At 22, 23 months. the cystlike structures number about 5-10 in all the transverse sections of the trachea; the largest one surpasses 100 pm in diameter (Fig. 10) .
The cyst-like structures are localized in the lamina propria of the membranous portion as well as the cartilaginous portion of all the rings of the trachea. Most of the cyst-like structures are narrowest at the ordinary level of the basal lamina. Around the cyst-like structures are abundant collagen fibers, and connective tissue cells including leucocytes and plasma cells. Some times numerous plasma cells surround the cystlike structures.
The wall of the cyst-like structure consists of ciliated, non-ciliated and basal cells showing the same ultrastructures as those of the epithelial cells facing the tracheal lumen (Fig. 11) . No goblet cells can be seen in this structure.
The cystlike structure does not show any glandular nature, and consists of invaginated tracheal epithelium.
The lumen of the cyst-like structures usually forms characteristic concentric circles in the central portion and sometimes contains destructed cell debris at the periphery (Fig. 12a, b) . Though numerous studies dealing with the mouse tracheal epithelium have been published and the occurrence of many non-ciliated cells and the absence of goblet cells has been long known, some problems as to the ontogeny and effects of aging upon the mouse tracheal epithelium remain to be answered. Our observations reveal that the identification of the kinds of epithelial cells is extremely difficult at 14 days of gestation.
The cytoplasm of the cells is merely characterized by numerous free ribosomes.
At 15-17 days of gestation, fibrous granules appear in a few cells and secretory granules in a few other cells. At 18 days of gestation (one day before birth), almost all the cells can be identified. Ciliogenesis begins at 15 or 16 days of gestation.
Fibrous granules suddenly appear in the cytoplasm without an increase in the other cell organelles. Cilia are formed mainly of the fibrous granules and deuterosomes.
The mechanism of ciliogenesis is consistent with other reports such as those in the rhesus monkey oviduct (ANDERSON and BRENNER, 1971) , mouse oviduct (DIRKSEN, 1971; KOMATSU and FUJITA, 1978) , chick trachea (KALNINS et al., 1972) , and rat lung (SOROKIN, 1968) . According to KOMATSU and FUJITA (1978) , the ciliated cells in the mouse oviduct differentiate 5 days after birth, and ciliogenesis is frequently observed at 5-10 days. The trachea starts its activity as the air tract just Contents of the cyst-like structure of a 23-month-old mouse trachea. a. Higher magnification of concentric circular materials mainly made of filiaments. x63,000. b. Contents of a cyst-like structure consisting of destructed granular leucoc3 tes and characteristic concentric circular materials (arrow).
Cilia of the ciliated cell are also seen. x 4,600 a b at birth, and it is natural that the ciliated cells mature before birth. On the other hand, the transporting activity of the oviduct begins much later, and the ciliogenesis of this organ occurs also later than that of the trachea. This fact is of interest because the ovulation and transportation of the ovum start much later than the beginning or respiration.
Secretory cells appear at 17 days of gestation.
A relatively large amount of rER can be seen in the cytoplasm.
At 18 days of gestation, at birth and 1 day after birth the secretory cells show many secretory granules which rapidly decrease in number in a few days. This suggests that this type of secretory granule is important at the beginning of respiration for protecting the tracheal epithelium.
Around 1 day after birth, cells containing sER appear. In adult mice, sER-rich cells constitute more than half of the tracheal epithelial cells in number. The occurrence of numerous sER-rich cells and the absence of goblet cells in the mouse trachea conspicuously differ from the tracheal epithelium of other kinds of mammalia as indicated by HANSELL and MoRETTI (1969) , TAIRA and SHIBASAKI (1978 ), and PACK et al. (1980 , 1981 . HANSELL and MORETTI (1969) noted that the sER-rich non-ciliated cell resembles the cell observed in the bronchial tree by KARRER (1956) , thought to be a mucous secretory cell. ITo and IsHII (1970) named this type of cell the "non-ciliated ER-rich cell", and considered it to be different from the Clara cell, having numerous elements of sER in the cytoplasm.
TAIRA and SHIBASAKI (1978) regarded this cell as the brush cell described by RHODIN and DALHAMN (1956) in the rat trachea, and believed it to have an endocrine function. PACK et al. (1981) considered this cell a Clara cell, and classified it into three subtypes.
Our observations on this kind of cell are mainly consistent with those of PACK et al. (1980 PACK et al. ( , 1981 . This may possibly also correspond to the cell reported by KARRER (1956) in the mouse bronchial tree. However, it is difficult to decide whether the non-ciliated sERrich cell of the mouse trachea is the same as the Clara cell. CLARA (1937) found a cell protruding into the bronchial lumen at the terminal bronchiole of humans and rabbits. He described this cells as having secretory granules released by apocrine mechanism. By electron microscopy, it has become clear that the Clara cell is characterized by well developed sER (NIDEN and YAMADA, 1966) . Though the function of this cell is not distinct, NIDEN (1967) , AZZOPARDI and THURLBECK (1969) , ETHERTON et al.(1973) and SMITH et al. (1974) considered it a secretor of pulmonary surfactant. CUTZ and CoNEN (1970, 1971) thought that Clara cells of human and rabbit make the hypophase component of the alveolar lining layer. PETRIK and CoLLET (1974) conceived the idea that Clara cells of the mouse bronchial tree secrete other substance rather than pulmonary surfactant. KUHN III et al. (1974) maintained that some elements of bronchiolar lining were derived from the Clara cells, and EVANS et al. (1978) suggested that rat Clara cells change to the other kinds of cells using the 3H-thymidine autoradiography. PACK et al. (1980 PACK et al. ( , 1981 described Clara cells of the mouse trachea as having three kinds of secretory granules released by apocrine as well as by exocytotic machanism. They reported the occurrence of the transitional form between this cell and the ciliated cell. The sER-rich cells which are numerous in the mouse trachea have two kinds of granules, one of which is considered to be evolved from mitochondria.
No features for apocrine secretion were recognized, and no transitional forms between sER-rich cells and ciliated cells were found. The rER-rich secretory cells which appear in the late embryonic days and decrease in number a few days after birth are believed to be transformed into the sER-rich cells. The granules surrounded by double limiting membranes, and with cristae-like structures found mainly in the sER-rich cells of adult and old mice resemble those shown in CLARA's paper (1937) . The secretion figures of The functional significance of the granules is a problem for future studies.
The formation of the cyst-like structures has been found in all the CF-1 mice older than 4 months of age examined.
They increase in number and size with age. The epithelial cells of the cyst-like structure are the same in ultrastructure as those facing the tracheal lumen. No degenerative changes were found in the cell as well as the basal lamina. This structure is quite different from the squamous metaplasia caused by vitamine A deficiency (MARCHOK et al., 1975) and also from the neoplastic transformation induced by carcinogenic agents (STEELE et al., 1979; TERZAGHI et al., 1978) . It is reasonable to consider that the cyst-like structure is formed physiologically by aging, though its detailed machanism is not distinct.
Cyst-like structure contents are considered to be derived from the secretory substances, and the debris of epithelial cells and of granulocytes.
They might be stored in the lumen, because the opening to the tracheal lumen is too narrow.
